Vibrio parahaemolyticus is an important human pathogen whose transmission is associated with the consumption of contaminated seafood. Consistent multilocus sequence typing for V. parahaemolyticus has shown difficulties in the amplification of the recA gene by PCR associated with a lack of amplification or a larger PCR product than expected. In one strain (090-96, Peru, 1996), the produced PCR product was determined to be composed of two recA fragments derived from different Vibrio species. To better understand this phenomenon, we sequenced the whole genome of this strain. The hybrid recA gene was found to be the result of a fragmentation of the original lineage-specific recA gene resulting from a DNA insertion of approximately 30 kb in length. This insert had a G+C content of 38.8%, lower than that of the average G+C content of V. parahaemolyticus (45.2%), and contained 19 ORFs, including a complete recA gene. This new acquired recA gene deviated 24% in sequence from the original recA and was distantly related to recA genes from bacteria of the Vibrionaceae family. The reconstruction of the original recA gene (recA3) identified the precursor as belonging to ST189, a sequence type reported previously only in Asian countries. The identification of this singular genetic feature in strains from Asia reveals new evidence for genetic connectivity between V. parahaemolyticus populations at both sides of the Pacific Ocean that, in addition to the previously described pandemic clone, supports the existence of a recurrent transoceanic spreading of pathogenic V. parahaemolyticus with the corresponding potential risk of pandemic expansion.
Introduction
Vibrio parahaemolyticus is a natural inhabitant of temperate and tropical coastal waters and the leading cause of seafood-borne gastroenteritis in the US, typically associated with eating raw or undercooked seafood [1] . Pathogenic strains of V. parahaemolyticus represent a small DNA extraction and quantification. Genomic DNA from each strain was isolated from overnight cultures using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA). The quality of the DNA was checked using a NanoDrop 1000 (Thermo Scientific, Rockford, IL) and the concentration was determined using a Qubit double-stranded DNA BR assay kit and a Qubit fluorometer (Life Technologies, Grand Island, NY) according to each manufacturer's instructions.
Genome sequencing, assembly and annotation. The isolate was sequenced using Ion Torrent (PGM) sequencing with the 200-bp read chemistry (Life Technologies, Carlsbad, CA) according to manufacturer's instructions. The library was constructed using 2 μg of genomic DNA, previously sheared using a Covaris S220 System (Covaris, Inc., Woburn, MA) following a protocol to generate an average of 200 bp, and the SPRI works Library Preparation System III (Beckman Coulter, Indianapolis, IN). The resultant libraries were diluted to the recommended concentrations, determined by quantitative PCR (Life Technologies) according to the manufacturer's instructions, to be used as templates for emulsion PCR (emPCR). The resultant enriched emPCR yield was loaded onto a 318 chip and sequenced using an Ion PGM 200 sequencing kit (Life Technologies) according to the manufacturer's instructions. The initial analysis and identification of the strain was performed using an in silico V. parahaemolyticus MLST approach (CLC Genomics Workbench software version 6, CLC bio, Germantown, MD, USA) against a sequence of each of the seven alleles used in the MLST scheme and was found to be the same allele combination (dnaE11, gyrB48, dtdS48, pntA26, pyrC48, and tnaA26). Genomic sequence contigs were de novo assembled using default assembly settings within CLC Genomics Workbench with a minimum contig size threshold of 500 bp in length. These contigs were re-organized by Mauve analysis (http://gel.ahabs.wisc.edu/mauve), using V. parahaemolyticus strain RIMD2210633 as reference [19] . The draft genome was annotated using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP, http://www.ncbi.nlm. nih.gov/genomes/static/Pipeline.html) [20] .
Whole genome phylogenetic analysis. Forty-one public genomes for V. parahaemolyticus (Table A in S1 File) along with the 09-96 strain, comprising a dataset of 42 drafts and two complete genomes (RIMD2210633 and BB22OP), were analyzed. Phylogenetic analyses of these whole genomes were performed using the genome comparator available from the V. parahaemolyticus MLST website database (http://pubmlst.org/vparahaemolyticus). Briefly, the BIGSdb genome comparator tool performed a whole-genome MLST (wgMLST), producing a colorcoded wgMLST output facilitating comparison among isolates. This output was used to categorize loci that were: 1) variable among all isolates, 2) identical among all isolates, 3) missing in all isolates, or, 4) incomplete due to being located at the ends of contigs. The set "variable loci among all isolates" was used for assessing their relationships, producing a distance matrix based on the number of variable alleles. The strains were then resolved into a network using the NeighborNet algorithm [21] .
in silico recA region analysis and location. In order to assess the location and organization of the recA region in strain 090-96, contig0035 (NCBI accession number: JFFP01000036) that contained the recA gene was annotated using two independent annotation services: BASys (https://www.basys.ca) and RAST server (http://rast.nmpdr.org) [22] . This was done because most of the genes in the DNA insertion region between the two recA fragments were annotated as hypothetical proteins using the NCBI pipeline. The annotation of contig0035 was then compared to the closest phylogenetic strain for which a genome is available (i.e., BB22OP; GenBank accession number: CP003973.1). Contig0035 was also compared to the contig containing the recA region from strain S130 (GenBank accession number: NZ_AWIW01000000), another strain in the NCBI database, whose genome contains a truncated recA with a similar insertion to that of strain 090-96. This later strain belongs to a different V. parahaemolyticus ST (ST527). A physical map of the recA gene region from these 4 strains was generated using easyFig 2.1 [23] with the nucleotide sequence comparison (BLASTn) of a fragment of contig0035 containing the insertion between the two recA fragments (original recA gene from strain 090-96) from positions 72530-106644.
Assignment to clonal complexes. The program eBURST v 3.0 was used to identify the different clonal complexes (http://eburst.mlst.net). The most restrictive group definition was used to define these clonal complexes, i.e., at least six of the seven alleles had to be identical to be included in the same group or clonal complex (CC) [24] . Statistical confidence of the ancestral types was assessed using 1000 bootstrap re-samplings. Two different STs are considered single locus variant (SLV) when they differ from each other at a single locus. Double locus variants (DLV) are any two different STs differing in two loci. An allele is any different variant in the sequence of a specific locus regardless of the number of single nucleotide polymorphisms (SNPs). If the sequence is different, it is considered to be a new allele and is assigned a unique (arbitrary) allele number.
Phylogenetic analysis of the recA alleles. The evolutionary history for the recA gene was inferred using the Minimum Evolution method (ME) [25] , and corroborated using Maximum Likelihood method. A ME tree for recA locus from the V. parahaemolyticus MLST database was constructed by MEGA 6 software, [26] using the kimura-2 parameter method [27] to estimate the evolutionary distances and are in the units of the number of base substitutions per site. The optimal tree with the sum of branch length = 1.12753263 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. A neighbor-joining algorithm [28] was used to generate the initial tree. The statistical support of the nodes in the ME tree was assessed by 1000 bootstrap re-samplings. The analysis involved 242 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Non-coding. All ambiguous positions were removed for each sequence pair. There were a total of 729 positions in the final dataset.
Nucleotide sequences. The draft genome of 090-96 strain (listed as CFSAN001595) was deposited in GenBank under the accession number JFFP00000000.
Results and Discussion
Draft genome assembly. A draft genome was generated for V. parahaemolyticus strain 090-96 with an estimated average coverage of 26X. Contigs were de novo assembled and the number of contigs, sequence lengths, and other assembly statistics for that strain are summarized in Table 1 . The genome size and the average G+C content were approximately 5.1 Mb and 45.3% respectively, similar to that of other V. parahaemolyticus strains (genome sizes between 4.8 to 5.3 Mb, and average G+C content between 45.1 to 45. 6) in GenBank (Table A in S1 File). The assembled draft genome was annotated using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP, http://www.ncbi.nlm.nih.gov/genomes/static/Pipeline.html) [20] . A total of 4,749 genes were identified, including 57 tRNAs. This number of genes is similar to that reported for other V. parahaemolyticus strains, which ranges from 4,591 (AQ4037) to 6,190 (VPCR-2010) (http://www.ncbi.nlm.nih.gov/genome/genomes/691).
in silico MLST. Analysis of the de novo assembled contigs confirmed previous Sanger sequencing results for this strain by in silico MLST, available at http://pubmlst.org/vparahaemolyticus, with the following allelic profile: 11, 48, unknown, 48, 26, 48 and 26 for dnaE, gyrB, recA, dtdS, pntA, pyrC, and tnaA genes respectively. The allele type for the recA gene could not be assigned and was missing which impeded the assignation of the corresponding ST to this strain. Comparing 090-96 strain with strains already in the V. parahaemolyticus MLST database showed that the Peruvian strain was closely related to other strains, sharing from 5 to 6 allele types with them (Table 2) . These strains were all part of a newly described clonal complex (CC) CC345 [29] ( Fig. 1 ). ST345 was identified as the most probable founder of this CC. Diversity within this CC is driven primarily by recombination events (Fig. 1 ), which occur frequently at the recA gene, except ST812 in which changes were observed at the gyrB gene.
Analysis of the recA region in strain 090-96. Sequencing of the whole genome of strain 090-96 provided the opportunity to examine the complete region flanking the recA gene. As shown in Fig. 2 , the reported problems associated with the amplification of the recA gene of this strain was not due to the presence of a hybrid recA, as initially presumed, but instead was due to the insertion of a large element of~30kb which disrupted the original recA gene at nucleotide position 491 (Table 3 ). This inserted fragment had a G+C content of 38.8%, substantially lower than the average 45.3% G+C content for the V. parahaemolyticus genome. This fragment (30 kb) was probably acquired by HGT through an insertion event apparently using the recA gene as template or hotspot. The reconstruction of the original recA gene by the two recA fragments at either end of the insert overlapped by 6 bp (TCTCCA). Of the three annotation pipelines used, only RAST (http://rast.nmpdr.org/) was able to provide putative annotation of the genes within the inserted region (Table 3) . RAST identified 19 ORFs in this region. This region included a ParB-like nuclease, a bipolar DNA helicase, a glycosaminoglycan attachment site, and a site-specific recombinase. Most of the genes in this region coded for currently unknown or hypothetical proteins. In addition to these genes, the inserted element also contained a complete novel recA gene that differed from the indigenous V. parahaemolyticus recA gene (recA3) by 24% and 23% of its nucleotide and inferred amino acid sequence, respectively. BLAST analysis was not able to identify any sequences highly similar to the inserted recA gene; the closest match was to a recA gene (90% identity at DNA sequence level) carried in a distinct mobile element (recA mobile element-RME) inserted in the indigenous recA gene of V. cholerae strain S24 [30] . The sequence of the recA variant carried in RME in V. choleare S24, group with other recA found in other members of the Vibrio genus within the Vibrionaceae family but distant from V. choleare or V. parahaemolyticus [30] .
Rapa et al. [30] described a similar genomic island insertion event into the recA gene of V. cholerae strain S24. However both regions differed greatly in organization, gene number and content. The RME from V. cholerae S24 contained a 9 bp inverted repeat at both ends while in the RME of V. parahaemolyticus 090-96 these repeats are of 6 bp. Furthermore, the RME from V. cholerae strain S24 (VcRME) contained 23 ORFs, compared to the 19 ORFs observed in the RME of the V. parahaemolyticus 090-96 strain examined in this study (VpRME). Most ORFs were annotated as "hypothetical" in VpRME while only 7 of the ORFs in the VcRME were annotated as hypothetical proteins [30] . In addition, there is an insertion sequence similar to ISVuv4containing transposase genes in the VcRME, in VpRME no insertion sequences elements were found (https://www-is.biotoul.fr), indicating that an unknown or undescribed mobile element could be present in the VpRME. Strikingly, the insertion occurred at a similar nucleotide position on the recA gene, 491 for recA 090-96 and 494 for recA S24 . The inserted recA variant (listed as recA107 in the V. parahaemolyticus MLST website) has been previously identified in other V. parahaemolyticus strains, all of which were isolated from Asian sources (Table 4 and Figure A in S1 File) . The fact that a longer PCR fragment was observed when amplifying the recA gene (1400 bp, instead of 720 bp) was due to the fact that the forward recA primer failed to bind to its target region on the recA107 allele. However, it was able to anneal perfectly to the disrupted recA3 allele, together with the reverse primer annealing into the proximal recA107 produced a longer PCR product. A BLAST query of the inserted region against the whole genome shotgun contigs (wgs) available at GenBank identified two V. parahaemolyticus genomes that contained a highly similar insert that split the recA This region was identified in contig0035 (JFFP01000036) of the assembled shotgun genome. In bold fonts are the inserted genes probably by HGT. In green fonts are the two recA fragments resultants from the split of the original recA3. gene in the same manner observed in the 090-96 strain (Fig. 2) . These two V. parahaemolyticus strains, S130 and S134, were isolated in Hong Kong from clinical samples in 2005 and 2003, respectively. Conversely, strains S130 and S134 differ in all the alleles from strain 090-96 and belonged to ST527. Finding insertion regions in two unrelated V. parahaemolyticus strains provides strong evidence that horizontal gene transfer (HGT) is responsible for the acquisition of this insert, and also helps explain the mobile nature of the insertion. Most likely, the insertion event used the recA gene as template or hotspot. The allele resultant from the reconstruction of the original recA gene for 090-96 strain was recA3 and combined with the rest of allelic profiles identified the ST189 as the precursor of the 090-96 and the other Peruvian strains with the same recA insertion (Table 2 ). Significantly, ST189 had never been identified in Peru and all reported V. parahaemolyticus strains currently belonging to ST189 have been isolated from East and South Asia, such as China, Thailand, India, and Japan ( Fig. 3 and Table 2 ). Given the available information, we propose that the insertion event occurred somewhere in Asia in a common ancestor belonging to the ST189 lineage, with such organisms spreading among those regions before finally arriving near Peru around 1996, when the first strain with the insertion and allelic profile for ST189 was detected [16] . The introduction of strains belonging to the pandemic clonal complex followed a similar pattern, arriving in Peru between 1996 and 1997 [18, 31] , one year after its emergence in Southeast Asia. The dissemination of those pandemic strains along the coast of Peru was associated with the arrival and southward displacement of El Niño water in 1997 [18] , which moved warm oceanic waters from Asia to Peru. The existence of this temporal, transoceanic connection between both sides of the Pacific Ocean may represent a recurrent route for the introduction of new pathogenic variants of Vibrio in the Peruvian coasts with the corresponding impact in the local populations and epidemiology of Vibrio diseases in the region [10, 16] (Fig. 3) . Furthermore, the existence of 8 additional strains with identical characteristics to strain 090-96 isolated in Peru associated with infections all along the coast of Peru over a period of 10 years provides additional evidence of the expansion of this genetic variant and its success in the Peruvian coastal waters, where it has become endemic.
Phylogenetic analysis of V. parahaemolyticus genomes. In order to assess the probable evolutionary changes associated with the acquisition of this fragment by HGT, all the available genomes of V. parahaemolyticus at GenBank and at the V. parahaemolyticus MLST database were analyzed using a wgMLST approach to infer the V. parahaemolyticus phylogeny from a broader context (Table A in S1 File). A matrix with 2004 variable loci from chromosome I was used to reconstruct the V. parahaemolyticus phylogeny for those strains. Confirming previous observations from MLST studies, the NeighborNet tree showed that V. parahaemolyticus is highly diverse and recombination events have occurred frequently on a whole genome scale, evidenced by the multiple splits present on the tree (Fig. 4) [11, 14, 17, 29] .
Based on these analyses, strains S130 and 134 were indistinguishable from each other and were phylogenetically unrelated to strain 090-96. They belonged to different V. parahaemolyticus clades, with 090-96 belonging to CC345 and S130/134 to CC527. This result supports the hypothesis that the 30 kb-insert in the recA gene was acquired through different HGT events in strain 090-96 and S130/S134 and this is probably an extended phenomenon among V. parahaemolyticus strains and possibly in other Vibrio species. As expected, strain 090-96 clustered by wgMLST with strains BB22OP (ST88), and with strains S030 (ST189) and S031 (ST189), supporting the results obtained with MLST that identified the ST189 as precursors of the strain 090-96. ST88 and ST189 differed in the recA allele, with 090-96, S030, and S031, having recA3 and BB22OP bearing the recA43. These two recA alleles differed by 27 nucleotides and according to empiric estimation these differences probably arose by recombination [11] .
Conclusions
The application of genome analyses to historical collections of pathogens is providing a novel dimension to epidemiological and outbreak investigations. The use of whole genome sequencing (WGS) in this study has revealed unexpected results in relation to the structure and genetic plasticity of the recA gene. This housekeeping gene is subject to horizontal gene transfer and its (Table A in S1 File for the list of the strains) and strain 090-96 (Peru 1996) , showing that this strain is closed related to BB22OP (ST88) and the two other ST189 strains and far related to other strains containing fragmented recA genes with similar insertion (S130 and S134, both ST527). This clearly suggests acquisition of this region by HGT. A similar graph was obtained with chromosome II of the same strain as reference (data not shown). Distances between taxa are calculated as the number of loci with different allele sequences. doi:10.1371/journal.pone.0117485.g004 consideration as part of the typing schemes and genetic analysis with phylogenetic purposes needs to be revised, particularly in studies where this gene has been employed as unique source of genetic information to infer the phylogenic relationship and evolution of species belonging to the genus Vibrio [32] , [33] .
More significantly, this study has found that the initially deleterious disruption of a basic gene essential for the survival of the organism can be remediated through the insertion of a homologous gene from a related species. Perhaps this type of disruption is frequent in the environment; however, only in those cases which disruption is followed by a successful complementation, organisms would be able to survive and become detectable. The benefit that the inserted region and novel genes confer on V. parahaemolyticus strains in terms of ecological fitness, survival or virulence have not yet been elucidated. However, in a recent study, Rapa et al [30] suggested that this new recA could provide a protective effect against DNA damage induced by UV irradiation, contributing to an enhanced survival in the environment. Epidemiological data have shown that this novel variant has completely replaced the endemic O4:K8 clone in Peru since 1996 and it has been detected consistently all along the country afterwards. According to different models and data analysis, it is very likely that El Niño conditions will be developing during the boreal summer of this year (2014) and persisting into the autumn. The arrival of warm tropical waters to Peru moved by El Niño may contribute to the new introduction of new alien populations of pathogenic Vibrio in South America, but also provides a unique opportunity to evaluate the biological impact and public health implications of this event on Peru.
Finally, these results provide additional evidence supporting the existence of long distant dispersion of pathogenic V. parahaemolyticus, with the corresponding implications on the epidemiology of this disease at global scale. Since only few populations seem to be competent for long range spreading, comparative genomics and transcriptomics should enable the identification of biological attributes contributing to increased fitness for long-distance dispersals. The understanding of the gene and mechanisms controlling this basic process, combined with those associated with virulence, will be critical for the identification of those populations with a pandemic potential.
This work highlights the important role that genome sequencing and analysis will be playing for the characterization of clinical pathogenic bacteria and tracking the routes of dispersion of organisms and diseases. Recent outbreaks and associated investigation have shown that transoceanic spreading events can be more common than expected [15] and WGS data will play a critical role for verifying the geographical transoceanic spread of highly related strains and for delineating the routes and mechanisms of dispersion.
Supporting Information S1 File. Fig. A . Minimum evolution tree of recA sequences in V. parahaemolyticus MLST website showing recA alleles that appear to be have been acquired by HGT because they matched recA genes from other isolates from the genus Vibrio. Sequences of recA107 (present in the VpRME) and recA3 (indigenous recA090-96) are in gray fonts in the phylogenetic trees. All sequences except for recAS24 were derived from V. parahaemolyticus; recAS24 was reported in a genomic island in V. cholerae strainS24. Values within parentheses represent the percent identity of each sequence to that of recA3 from V. parahaemolyticus. The inset tree is a sub-tree representing the distance between the wild-type (recA3) and HGT recA gene (recA107) in strain090-96. The scale bars represents 0.02 nucleotide substitutions per position. Fig. B . V. parahaemolyticus "population snapshot" of all profiles available at the Vp MLST database obtained using eBURST v3. One hundred twenty nine groups were defined using stringent criteria (6/7 shared alleles). CC345 can be seeing at the bottom. STs that are SLV of each other are shown connected by lines (black). DLV STs are shown as connected by gray lines. CC-Clonal Complex. 
